The ground and the lowest-lying triplet excited state geometries, electronic structures, and spectroscopic properties of three mixed-ligand Ru(II) complexes [Ru(terpy)(phen)X] + (terpy=2,2 ,6 ,2 -terpyridine, phen=1,10-phenanthroline, and X=−C≡CH (1), X=Cl (2), X=CN (3)) were investigated theoretically using the density functional theory method. The ground and excited state geometries have been fully optimized at the B3LYP/LanL2DZ and UB3LYP/LanL2DZ levels, respectively. The absorption and emission spectra of the complexes in CH 3 CN solutions were calculated by time-dependent density functional theory with the PCM solvent model. The calculated bond lengths of Ru−C, Ru−N, and Ru−Cl in the ground state agree well with the corresponding experimental results. The highest occupied molecular orbital were dominantly localized on the Ru atom and monodentate X ligand for 1 and 2, Ru atom and terpy ligand for 3, while the lowest unoccupied molecular orbital were π * (terpy) type orbital. Therefore, the lowest-energy absorptions of 1 and 2 at 688 and 631 nm are attributed to a d yz (Ru)+π/p(X)→π * (terpy) transition with MLCT/XLCT (metal-to-ligand charge transfer/X ligand to terpy ligand charge transfer) character, whereas that of 3 at 529 nm is related to a d yz (Ru)+π(terpy)→π * (terpy) transition with MLCT and ILCT transition character. The calculated phosphorescence of three complexes at 1011 nm (1), 913 nm (2), and 838 nm (3) have similar transition properties to that of the lowest-lying absorption. It is shown that the lowest lying absorptions and emissions transition character of these Ru(II) complexes can be tuned by changing the electron-withdrawing ability of the monodentate ligand.
I. INTRODUCTION
Phosphorescent transition-metal complexes have drawn the research interests from both experimental and theoretical views in the past decades, because of their successful applications in the organic light emitting display (OLED) [1, 2] , biological labeling reagents [3, 4] , photocatalysts for CO 2 reduction [5, 6] , and sensors for oxygen [7−9] , Ca 2+ [10] , Cu 2+ , and Hg 2+ as well as for catalysts [11−15] . Usually, these complexes exhibit lower energy absorptions (400−500 nm), which are predominantly assigned to d(metal)→π * (ligand) metal-to-ligand charge transfer (MLCT) transitions. Their emissions have been ascribed to the triplet metalto-ligand charge transfer ( 3 MLCT) transitions in both theoretical studies and experiments [16−18] . In the-ory, internal phosphorescence quantum efficiency can achieve as high as 100%, because 3 MLCT state can emit effectively by mixing the intensity of the spinallowed metal-to-ligand charge-transfer ( 1 MLCT) state by strong spin-orbit coupling effects of the transition metal [19, 20] . Among these heavy metal complexes, Ru(II) complexes are effective and tunable phosphorescent material. Therefore, there has been continuous research activity towards Ru complexes.
Ru(bpy)
2+ (bpy=2,2 -bipyridine) is often taken as the model complex for bidentate ligands, as it has a triplet lowest-lying Ru(d) to bpy(π * ) 3 MLCT excited state with a lifetime of 1 µs [21, 22] . Juris et al. concluded that the photophysical properties of the chromophore were widely improved by modifying or changing any of the bipyridine ligands [21] . Because of the strong MLCT transitions, high quantum yield and the long-lived 3 MLCT excited state, Ru(II) complexes have been applied in photoprocesses and OLEDs successfully [23−29] . The chemistry of 2,2 ,6 ,2 -terpyridine (terpy) complexes has also significantly expanded in recent years, since the tridentate ligand has predominant structural advantages on the formation of supramolecular systems. Several [Ru(trpy-X)(trpy-Y)] 2+ complexes (X or Y=MeSO 2 , Cl, H, Ph, EtO, OH, or Me 2 N) were investigated experimentally by Mauro et al. [30] . The absorption spectra show that the 1 MLCT absorption is in the visible spectral region, and the complexes show intense luminescence in the solid state, with lifetimes of 1−10 µs scale.
Recently, much attention has been paid to the preparation of this class of emissive materials with various types of ligands and to gain more understanding on their associated photophysical properties. It is necessary to create new transition-metal complexes to satisfy the needs in every field, in fact, it is easier to synthesize emissive complexes by tuning the structure of the transition-metal complexes skillfully. Several novel mixed-ligand Ru(II) complexes [31] . The results indicate that the lowest-energy absorptions are all assigned to the MLCT transition, because the highest occupied molecular orbital (HOMO) have larger metal component. This could ensure the high-luminescence efficiency of these complexes.
Fluorescence can be observed around 400 nm in Cl complexes, but no emissions were observed around 600 nm. In this work, to get an in-depth theoretical understanding of the electronic structures and spectroscopic properties of the mixed-ligand Ru(II) complexes as well as the relationship between the spectra and X ligand, we design and perform theoretical calculations on the series of novel mixed-ligand [Ru(terpy)(phen)X] + (terpy=2,2 ,6 ,2 -terpyridine, phen=1,10-phenanthroline, and X=−C≡CH (1), X=Cl (2), X=CN (3)) using density functional theory (DFT) methods [32] . Significantly, the effects of the peripheral X ligand on the phosphorescence have been revealed so that the phosphorescent color can be tuned by adjusting X ligands.
II. COMPUTATIONAL METHODS
Time-dependent density functional theory (TD-DFT) has gained widespread use in photochemistry due to its reasonable accuracy and low computational cost. This method has successfully been used in the excited states calculations for a variety of molecular systems [33−37] . In this work, the geometric structures in the ground state and lowest-energy triplet state were fully optimized at the B3LYP and unrestricted B3LYP (UB3LYP) [38] levels, respectively. On the basis of the optimized geometry structures in the ground and excited states, the absorption and emission in CH 3 CN media were calculated by the TDDFT method associated with the polarized continuum model (PCM) [39] . This kind of theoretical approach has been proven to be reliable for transition metal complex systems [40−42] .
The complexes investigated in this work are shown in Fig.1 . The calculated complexes display C s symmetry in both the ground and excited states. The bidentate and tridentate ligands are almost perpendicular to each other. In the calculations, the quasi-relativistic pseudo-potentials of Ru atom proposed by Hay and Wadt with 16 valence electrons were employed, and a "double-ζ" quality basis set LanL2DZ associated with the pseudo-potential was adopted [43, 44] [45] on an Origin/3900 server.
III. RESULTS AND DISCUSSION
A. Ground-state geometries and the frontier molecular orbital properties
The calculated results indicate that all of the complexes have a 1 A ground state. The main optimized geometry structural parameters in the ground state together with the X-ray crystal diffraction data of 2 [31] are given in Table I , and the optimized geometries are shown in Fig.1 .
Because the ∠N3−C2−C3−N5 dihedral angle is close to 0
• , the optimized structures show that the tridentate ligand is almost coplanar, which is consistent with the X-ray crystal diffraction results. The optimized bond lengths and bond angles of 1−3 in the ground state are in general agreement with the corresponding experimental values. Compared with the measured values, the calculated bond lengths of Ru−Cl (2.439Å), Ru−N1 (2.088Å), Ru−N2 (2.124Å), and Ru−N3 (1.988Å) are overestimated by about 0.01−0.05Å, and the calculated bond angles deviate slightly (0.6
• −2.0 • ) from the experimental values. The discrepancy of the geometry structural data between the calculated and measured values is reasonable and acceptable, because the environments of the complexes are different in the two cases: in the latter case, the molecule is in a tight crystal lattice, while in the former case, the molecule is free [40] .
Frontier molecular orbitals, in particular the HOMO and LUMO are very important, which are related to photoelectronic spectra and UV spectra. The detailed analysis of the frontier molecular orbital compositions and energies of these complexes are presented in Table II, Table II shows that the HOMOs of 1 and 2 are mainly composed of d yz (Ru) and π/p(X), but with respect to the HOMO of 3, the contribution from the monodentate ligand is 6.5%. While the LUMOs of + (terpy=2,2 ,6 ,2 -terpyridine, phen=1,10-phenanthroline, and X=−C≡CH (1), X=Cl (2), X=CN (3)) at the B3LYP/LANL2DZ level.
1−3 localized on the tridentate ligand with more than 84.2% composition. The calculated results indicate that the compositions of the metal in HOMO are decreased, but the compositions of the X ligand in HOMO are increased with the increasing of the electron-donating abilities in the order of CN<Cl<−C≡CH.
B. Absorptions spectra in CH 3 CN
The calculated absorptions in the UV-visible region associated with their oscillator strengths, the main configurations and their assignments, and the experimental results are summarized in Table III . The fitted Gaussian type absorption curves with the calculated absorption data of 1−3 are shown in Fig.2 . The full width at half-maximum of each Gaussian curve is evaluated to be 10 nm based on the narrowest peak of absorption of [Ru(terpy)(phen)Cl]
+ in acetonitrile at room temperature [31] . Because the narrowest peak of absorption of terpyridyl Ru(II) complexes always arises from the ligand-centered (LC) transition involved in the terpyri- dine, the selection of the full width is appropriate for 1−3. To intuitively understand the transition process, we display the molecular orbital energy levels involved in transitions of 1−3 in Fig.3 , and the electron density diagram of 1 in Fig.4 . Table III shows that the lowest-lying absorptions of three complexes are at 688 nm (1.80 eV), 631 nm (1.96 eV), and 529 nm (2.34 eV), respectively. The excitation of MO 40a →MO 85a with the configuration coefficient of 0.68 is responsible for the absorption band of 2 at 631 nm. As seen in Table II , MO 40a (HOMO) composed of about 53.3% d yz (Ru) and 25.7% p(Cl), while the MO 85a (LUMO) lies above the HOMO by about 2.9 eV, is mainly localized on the terpy ligand. Therefore, the absorption of 2 at 631 nm is assigned to d yz (Ru)+p(Cl)→π * (terpy) transition with MLCT and X ligand to terpy ligand charge transfer (XLCT) transition character, while the lowest-lying absorption band of complex 1 at 688 nm has a similar transition path to that of 2 at 631 nm. But for 3, the excitation of MO 39a →MO 84a (CI=0.68) is responsible for the absorption at 529 nm, the above frontier molecular orbitals discussion shows that the MO 39a includes a 13.9% contribution from the terpy ligand, so this absorption is assigned to d yz (Ru)+π(terpy)→π * (terpy) transition with MLCT/ILCT transition character.
By comparing the absorptions of 1, 2, and 3 at 688, 631, and 529 nm, we find that the lowest-lying absorptions are red-shifted in the order of 3, 2, 1. Given the decreasing trend of the electron-withdrawing ability of X ligands CN>Cl>−C≡CH, we can conclude that there will be a larger red shift if the electronwithdrawing ability of X ligand is weaker. In addition, the excitation energy levels of the absorption band lying directly above the lowest lying band show similar trends to those of the lowest lying absorptions. Table III shows that the absorptions transition of 1, 2, and 3 are at 557 nm (2.23 eV), 507 nm (2.45 eV), and 469 nm (2.64 eV), respectively. With respect to 2, the excitation of MO 84a →MO 42a with the configuration coefficient of 0.64 contributes to the absorption at 507 nm. Table II shows that MO 84a have 55.7%d(Ru), 27.2%p(Cl), 11.1%π(terpy), and 6.0%π(phen), while MO 42a are π * (terpy) and π * (phen) type orbital. Thus the absorption at 507 nm is mainly attributed to a d yz (Ru)+p(Cl)→π * (terpy)+π * (phen) transition with MLCT/XLCT transition character, while the absorption at 557 nm of 1 has a similar transition character to that of 2 at 507 nm. For 3, the absorption at 469 nm has a different transition path to that of 1 and 2. The excitation of MO 83a →MO 84a (CI=0.52) is the dominant contribution to the absorption at 469 nm. Table  II shows that MO 83a is composed of 71.9% d(Ru) and 15.8% π(terpy). Thus this absorption transition can be described as a d(Ru)+π(terpy)→π * (terpy) transition with MLCT/ILCT transition character.
As seen from Table III , the absorptions at 430, 417, and 407 nm of 1, 2, and 3 are assigned to MLCT/LLCT transition. However, the complex 1 displayed different types of MLCT/LLCT character compared with that of 2 and 3. Within the considered energy region, the highest-energy absorption of 1 appears at 247 nm. This absorption is originated from the transition of MO 35a → MO 84a and MO 36a →MO 41a , which have the largest oscillator strength of 0.2175. Also, MOs 35a , 84a , 36a , and 41a are dominantly localized on phen and terpy ligands. So this excitations are dominantly assigned to a π(terpy)+π(phen)→π * (terpy)+π * (phen) transition with LLCT/ILCT transition characters, while the highest-energy absorptions of 2 and 3 at 250 and 256 nm have a similar transition path to that of 1 at 247 nm. To intuitively understand the absorption of 1 in solution, we display the electron density diagrams in Fig.4 , in which the involved four single electron excitations correspond to the maximal CI coefficients. Figure  4 could help to comprehend the above discussion explicitly. The UV-Vis spectrum of 2 in CH 3 CN shows that the 1 MLCT and ππ * bands are at 502 and 266 nm [31] , which are consistent with our calculated absorption bands at 507 and 250 nm, respectively.
C. Excited state geometries and emission spectra in CH 3 
CN media
The main geometry structural parameters of 1−3 in the 3 A excited state are given in Table I . The calculated results show that the bond lengths, bond angles, and dihedral angles in the excited state are slightly changed relative to those in the ground state, and the three complexes show a similar variation trend. The calculated Ru−N1, Ru−N2, Ru−N3, and Ru−N4 bond lengths of 1−3 relax by about 0.01−0.05Å, but the Ru−X bond length strengthen by about 0.02−0.08Å, respectively, which indicate that the X ligand tends to approach the Ru atom in the excited state. The calculated bond angles and dihedral angles change by about 1
• −5
• compared with those in the ground state. The slight changes in the geometry result from electron excitation from the tridentate-Ru-bidentate bonding orbital to the monodentate π/p(X) orbital upon excitation.
The calculated phosphorescence emissions of 1−3 in CH 3 CN media are given in Table III ; the frontier molecular orbital compositions responsible for the emissions are compiled in Table IV. From Table III , the calculated phosphorescence values of three complexes are at 1011 nm (1.23 eV), 913 nm (1.36 eV), and 838 nm (1.48 eV) for 1−3, respectively. With respect to 2, the excitation of MO 85a →MO 40a with the configuration coefficient of 0.73 causes the emission at 913 nm. 3 XLCT transition composition increases in the order 3<2<1, along with the reverse order of the increasing electron-withdrawing ability of X ligands −C≡CH<Cl<CN. The emission results indicate that the X ligand can participate in the emission transition and the 3 XLCT transition will occupy larger composition when the electron-withdrawing ability of X ligand is decreased, which results in the red shift of the emission spectras of 1 and 2 compared with that of 3. While no emissions were observed around 600 nm in the experiment, the calculations extend the experimental results.
The discussion of the absorption reveals that the lowest-energy absorption calculated for 3 at 529 nm arise mainly from MLCT/ILCT transitions, and the absorptions of 1 and 2 at 688 and 631 nm are assigned to MLCT/XLCT with a larger XLCT transition than that of 3, while the calculated phosphorescence values are just the reverse processes of these lowest lying absorptions due to the same transition character and symmetry. The energy differences between the calculated lowest lying absorptions and corresponding phosphorescences are 0.57, 0.60, and 0.86 eV for 1, 2, and 3, respectively, which is consistent with the little change between the ground-and excited-states structures. Obviously, both the calculated and experimental results show that the phosphorescence can be tuned by changing the electron-withdrawing ability of X ligand. Weaker electron-withdrawing ability will lead to a greater red shift of the absorption and emission spectra.
IV. CONCLUSION
We have investigated the ground and excited state geometries, absorptions and phosphorescence properties of three Ru(II) complexes with tridentate, bidentate, and monodentate ligands theoretically. Taking into account the variation of monodentate ligand, the following conclusions can be drawn: complexes 1−3 have similar structures in both the ground and excited states with various monodentate ligand. The minor change of structures between the ground and excited states result in the little stokes shift between the lowest-energy absorption and emission for 1−3. The effect of monodentate ligand on orbitals was different, the ligands of −C≡CH and Cl only interact with the HOMO and HOMO-1 orbitals, which lead to the lowestenergy absorption and emission containing XLCT transition; CN ligand has hardly effect on frontier molecular orbitals, which lead to the inexistence of XLCT transition in the absorptions and emissions. The calculation results show that the lowest-energy absorptions and emissions of 1−3 are red-shifted with the increasing of the electron-donating ability in the order of CN<Cl<−C≡CH, which indicates that the absorption and emission transition character and the phosphorescent color can be changed by altering the electronwithdrawing ability of the monodentate ligand.
So it is very practical to explore the relationship between the X ligand and the phosphorescence emission. We hope these theoretical studies will assist in the design of highly efficient phosphorescent materials.
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